INTRODUCTION
As rocket engine components experience wear or failure, anomalous materials may be entrained in the plume.
Historically, visible plume anomalies have preceded many rocket engine failures 1"4. These plume anomalies typically are the result of eroded material passing through the engine and burning along with the propellants in the combustion chamber. Plume spectroscopy is the implementation of optical spectroscopic techniques for the analysis of the exhaust plume, utilizing the emission and/or absorption of spectral radiation by the exhaust gases as a means to determine its content.
From the identification and quantification of plume content, an assessment of engine health and performance can be made.
The approach for this effort is to develop and demonstrate relevant spectroscopic technology on the Space Shuttle Main Engine (SSME). Specific devices developed include the nozzle mounted optic assembly (NMOA), and the Fabry-Perot interferometer (FPI) spectrometer. The NMOA, which is mounted to the aft manifold of the engine nozzle, collects spectral radiation from within the nozzle, throat, and combustion chamber of the engine; the FPI spectrometer selectively filters this plume radiation and measures the intensity at wavelengths that are characteristic of the eroding materials. These devices, currently being fabricated under contracts NAS3-25883 and NAS3-25624, respectively, are scheduled for testing on the Technology Test Bed Engine (TTBE) at MSFC. References 5, 6 and 7 describe the devices in detail.
Figure
i schematically shows the optic assembly and spectrometer in relation to the engine. In addition to the spectroscopic hardware, signal processing techniques for the extraction, identification, and quantification of spectral emissions, identification and quantification of alloy erosion, and the determination of the propellant mixture ratio are also being developed. Reference 8 discusses filtering techniques, while references 9 and 10 discuss alloy identification techniques. Although the specific hardware and software developed under the this program are intended for implementation on the SSME, the technology is generic, and could be incorporated into other rocket engines such as the space transportation main engine (STME), the advanced expander test bed engine (AETB) and other liquid or possibly solid propellant rocket engines.
Capabilities of a flight compatible plume spectroscopy system will include real time measurementand analysis of material erosion for engine safety monitoring, determination of performance parameters for feedback into the engine controller, and recording high-resolution, high-speed spectral data for post firing analysis of the engine.
BACKGROUND
Analysis of the exhaust from a combustion engine reveals the composition and thermodynamic state(s) of the gases. Engine health can be inferred from knowledge of gas composition, while engine performance can be inferred from knowledge of the gas state.
Emission spectroscopy for rocket engine exhaust plumes is being investigated to determine if engine degradation can be established through detection of material erosion 4. Knowledge of material erosion from internal componentsmay provide insight into the engines' current health and remaining life.
Plumespectroscopy can be performed by using either emission or absorption techniques. Emission spectroscopy is based on measurementof spectral emissions from the thermally excited species in the plume, and absorption spectroscopy is based on absorption of spectral light by the species in the plume. From an instrumentation standpoint, emission spectroscopy is simpler than absorption spectroscopy since the number of optic components is minimized. In addition, a great deal of emission spectral data is available from ground test firings of the SSME. Therefore, this effort to develop a flight compatible system will initially examine application of emission spectroscopy to the SSME. Figure 2 displays the propellant flow paths within the SSME. All particulates eroding from internal engine components within the flow paths are carried by the propellants into the combustion chamber where they are dissociated into atomic species, thermally excited, and emit their characteristic spectra as they exit the nozzle. By spectroscopically monitoring the plume, emissions from the various elemental species can be observed, enabling identification. Knowledgeof which elemental species are in the plume enables identification of the eroding alloy and possibly the component from which the alloy eroded. Identification of the elemental species is relatively straightforward. Alloy and component identification is however, more complex since the SSMEis fabricated from numerous alloys (many of which have commonelemental constituents), and the appearance of various alloys in numerous components. Typically, plume spectroscopy can warn of impending failure from observation of sudden changes in the amounts of metals exiting the nozzle. Plume spectroscopy offers the ability to detect wear rather than the symptomsof wear.
Analysis of the plume from the SSME using emission spectroscopy is performed on a regular basis at MSFCand SSCduring ground testing _. The Optical Plume Anomaly Detection (OPAD)program sponsored by MSFCutilizes ground (test stand) based instrumentation.
The high resolution emission spectra recorded from the TTBEby the OPADinstrumentation will be used as the reference for the NMOA/FPI instrumentation. This time slice illustrates an example of failure detection utilizing plume spectroscopy. In this figure, emissions from OH, background, and elemental species can readily be seen. OHemissions and background chemiluminescence are always observed in the SSMEplume (with reasonably constant and consistent intensities), however emissions from metallic species typically vary with respect to the amount of material erosion that the engine is experiencing.
Note that intensity of the OHand background chemiluminescence in Fig. 3 remain constant over time, but the intensities of the metallic lines (Specifically the labeled chromium line) varies with time. Analysis of the TTBEafter firing 024 revealed that the faceplate of the engine had eroded. This faceplate is fabricated from Inconel 625, which contains chromium as an alloy constituent.
PHENOMENOLOGY

Radiance from atomic line emissions is a function of several variables.
For plume spectroscopy, emission intensity is proportional to the total number density of the emitting species. It is assumedthat the collection of atoms in the emitting system are in thermal equilibrium, and that there is a low population density of the emitting atoms. The intensity of an atomic line is given by the equation:
Where I is the emission intensity, Aij is the Einstein transition probability for spontaneocs emission, N is the number density, h is Planck's constant, u is the frequency, gi is the statistical weight for each sublevel in the energy state E:, k is the Boltzmann constant, T is the absolute temperature, and Z(t) is the _artition function.
In the rocket engine plume environment, low concentrations of free electrons are available for electron impact excitation of metal atoms.
Virtually the entire population of atoms and molecules in excited states occurs through collisional impact between the molecules and the atoms II. Thus the excitation of metal species depends on the distribution of translational energy (temperature). Atomic emissions from the metallic species typically occur between 300 and 500 nm, emissions from the OH radicals typically occur between 280 and 320 nm, and emissions from H20 occur between 700-1000 nm. As will be discussed later, the actual band width for monitoring the SSME is 320 to 430 nm, and resolution must be at least 0.05 nm.
Signal processing is required to extract the atomic lines and identify the alloy/component from line information. The line radiation must be extracted from the overall radiation at a given wavelength.
The overall radiation is the sum of emissions from the various atomic sources, molecular sources, and background chemiluminescence.
In addition the spectral acquisition, extraction, and identification process must occur quickly if action is to be taken based on spectral phenomena.
Therefore signal processing considerations consists of optimizing the data acquisition and analysis rates.
TECHNOLOGY DEMONSTRATION
The plume spectroscopic hardware that is being fabricated and tested to evaluate flight compatible plume spectroscopic technology consists of the NMOA, the FPI spectrometer, and a computerized signal processing system. These devices are being developed to meet the measurement and instrumentation requirements described above.
Following is a discussion regarding application of this technology to the SSME.
Although some of the hardware is specific to the SSME, the logic utilized to select and develop the technology is generic, and is applicable to any chemical rocket engine.
Emission Source
The ideal source of radiation for plume spectroscopic measurements during flight is from within the nozzle of the engine.
All eroding particulates from internal engine components pass through the nozzle, enabling an accurate measure of particulate erosion.
Viewing towards the throat eliminates the need for subtracting the solar background.
Calculations have shown that radiation from the combustion chamber is orders of magnitude greater in intensity than radiation from the mach disc, allowing for measurement of lower level signals while increasing the signal to noise ratio.
Analyses has shown that optics can be fabricated to survive the environment at the nozzle lip 3. Structural failure of a nozzle mounted optic device will not cause damage to the engine since any fragmented parts will fall below the engine.
To monitor plume emissions, the optics can be (I) mounted off the engine (vehicle) and view the mach disc, (2) mounted on the nozzle of the engine to view the mach disc, (3) mounted in the ignitor or injector to view the chamber/throat/mach disc areas, (4) mounted in the side of the combustion chamber/throat to view the chamber, or (5) mounted on the lip or in the side of nozzle to view up into the nozzle of the engine.
The mach disc is readily accessible and provides an adequate optical signal for plume spectroscopy.
To view the mach disc, the optics may be mounted away from the engine, eliminating the need for environmentally rugged optics. The OPAD program is based on mach disc observations using hardware mounted to the test stand.
Although the mach discs are readily accessible, they are not the ideal source for plume measurementson a flight system since radiation from a source behind the discs (such as the sun) may enter the collection optics along with the plume emissions, requiring that this potentially varying background be known to enable its removal from the measured radiation.
Other difficulties with optics focused on the mach disc during flight include movementof the discs with respect to the nozzle (since disc location is a function of back/atmospheric pressure), the disappearance of the mach discs in the vacuumof space, and that not all gases (and therefore not all particulates) pass through the machdiscs. Therefore, a plume diagnostic system utilizing the mach disc of an ascending rocket as the optical source is usable until the vehicle leaves the atmosphere, must be capable of separating and subtracting the solar background from the plume emissions, and must have optics that are movable and focusable to enable tracking and imaging the mach disc.
With the collection optics mounted in the ignitor or injector of the engine, view of the chamber, throat, and mach disc are possible.
Difficulties with this location for the optics include the need for background subtraction, and the concern with structural integrity.
Background subtraction is required since the optic view extends out through the nozzle, allowing background light to be collecting along with the plume emissions. The second consideration is structural.
The optics must withstand the severe temperature, thermal shock, and pressure of the combustion chamber. If the optics fail structurally, an exit path for the combustion gases other than through the nozzle may result, leading toward reduced performance or possibly catastrophic failure of the engine. While mounting the optics in the side of the combustion chamber facing toward the injectors eliminates the need for background subtraction, the structural issues remain unresolved.
Spectrometer Selection
An interferometer based spectrometer was selected for this application based on its small size, high-resolution, and high-speed spectral acquisition capabilities.
A Fabry-Perot interferometer was selected based on its spectral bandwidth, simplicity of design, and commercial availability.
Engineering an appropriate housing for the interferometer resulted in a rugged, compact, lightweight spectrometer.
It is anticipated that on a vehicle such as the space shuttle, the spectrometer will be mounted to the engine bulkhead.
Four types of wavelength separating devices may be used as spectrometers for observing plume spectral phenomena.
Interference filters, prisms, diffraction gratings, and other interferometric devices can selectively observe specific wavelengths containing the spectral phenomena of interest.
For plume spectroscopy, interference filters alone are not a good choice since their high bandpass (1-5 nm), results in inadequate resolution of the atomic lines. To meet the resolution requirement, grating/prism type spectrometers typically have a long optical path length.
Grating/prism devices are sensitive to vibration, temperature variations, and contamination. They are relatively heavy (for rigidity), and physically large (for the long path length). This type of spectrometer is designed for use in the laboratory and not readily adaptable for flight instrumentation.
Specie Selection
The selection of the number and identity of the species to be monitored is based on the requirement to monitor all critical engine components. Evaluation of the alloy/element content of the various components in the propellant flow paths will reveal a minimum number of species that must be monitored.
Following is a discussion regarding the specie selection process for the SSME.
Alloys from which the SSME is fabricated are listed in Table 1 . This table lists the alloys, their elemental constituents, and the weight fraction of these elemental constituents _". Table 2 is a list of the SSME components in the propellant flow path and the alloy from which they are fabricated.
Note that any impurities that may be in alloys/propellants are not included in the above tables.
From Table I it can be seen that one or more of the elements chromium, cobalt, iron, nickel, manganese, and tungsten are constituents in each SSME alloy.
In addition, copper and calcium are elemental constituent of critical SSME components.
Therefore, monitoring for these 8 species enables detection of erosion from all SSME alloys and critical components.
Chromium is clearly an important candidate for plume monitoring based on its use as a major alloy constituent in most superalloys and steels. Erosion of the LOX posts and/or injector, failure of the HPOTP and HPFTP turbine blades, disks, and bearings, and other failure modes have a high probability of producing the chromium spectrum in the plume.
As will be seen, chromium is one of the most sensitive indicators of alloy erosion.
Cobalt, iron and nickel are the primary ingredients in the majority of the structural alloys used in the SSME hot gas components.
Manganese and tungsten are constituents of some SSME alloys; detection of these elements enables alloy identification.
Within the SSME, copper is a major constituent of NARloy A, NARloy Z, and K-Monel.
NARloy Z is found in the main combustion chamber, NARLoy A is used in the preburner baffles, and K-Monel is used in the low pressure oxidizer turbopump (LPOTP) inducer, inlet liner, rotor, and stator.
Historically, copper has been seen in the plume during erosion of the main combustion chamber and baffles.
Calcium
is an important specie to monitor for detecting bearing and cage degradation in the high pressure oxidizer and fuel turbopumps (HPOTP & HPFTP). The calcium content of the Armalon bearing cage material is approximately 6%, and has been seen in the plume during bearing degradation.
Specie Detection
From the calculated radiant power values of the 8 elemental species (in the combustion chamber) and the sensitivity of the photomultiplier detectors used in the spectrometer, the minimal detection limits (MDL) in parts per million and grams per second for the 8 species were derived 5,6. Table 3 lists the species, the wavelength of the emissions, atomic linewidths at the chamber pressure, and the optical fluxes arriving at the NMOA for each atomic species at MDL concentrations.
From these MDL's of the individual species, the alloy loss rate based on observation of the individual species at the MDL was calculated and is listed in Table 4 . At this time, it is unclear as to where the optimum location for collection of spectral emissions within the nozzle/throat/chamber is. Initial thoughts were that the ideal location is from within the combustion chamber.
From
As will be discussed later in this paper, line emissions were not seen emanating from the chamber.
Currently, alternate view locations are being investigated.
Fabry-Perot Interferometric (FPI) Spectrometer
The Fabry-Perot interferometer has sufficient bandwidth and resolution for use on a plume diagnostic system.
These devices can be extremely small, compact and lightweight.
A spectrometer based on a Fabry-Perot interferometer using photomultiplier tube (PMT) detectors has the required sensitivity and dynamic range for application to plume spectroscopy.
Technical description of a Fabry-Perot interferometer can be found in reference 15.
An FPI is a tunable narrow band filter (tunable etalon), which produces a periodic set of transmission peaks (orders) corresponding to wavelengths that are integer multiples of the mirror spacing.
For spectroscopic purposes, the radiation passing through the FPI requires additional filtering to reduce the number of orders transmitted to the detectors.
Dielectric narrow bandpass interference filters are used for this order sorting. Figure 5 shows a typical filtering scheme for the FPI spectrometer.
The interferometer allows radiation at a finite number of wavelengths to pass through (seen as the transmission peaks).
The wavelength of one of the transmission peaks corresponds to the emission wavelength of a specie of interest.
Exiting the interferometer, radiation at the 'unwanted' wavelengths are eliminated by a bandpass filter.
The tunable interferometer in combination with the fixed bandpass filter yields a high resolution spectrometer.
The FPI spectrometer that is currently being fabricated is shown schematically in Fig. 6 . Spectral radiation enters from the optical fiber and passes through a lens where it is collimated.
The collimated light then proceeds through a beam splitter, which discards the IR and UV radiation that is not of interest.
The beam splitter also enable introduction of spectral radiation from a hollow cathode lamp (HCL) into the device for calibration purposes. The radiation then passes through the tunable etalon.
The etalon mirror spacing is controlled by piezoelectric drivers.
Exiting the etalon, the light enters an order sorting filter/prism/beam splitter, that splits off the 'order' containing the wavelength of interest (by means of interference filters coated onto the prism surface) and directs the spectral radiation into a photomultiplier tube.
In essence, the interference filters place a I rim. wide 'window' around the wavelength corresponding to specie emission, and the tunable etalon steps through that window in 0.05 nm increments.
The etalon mirror gap controls the spacing between transmission maximums. broadband input, smaller gaps increase the transmission peak spacing and larger gaps decrease it.
The mirror spacing controls how many orders lie within the bandpass filter transmission bandwidth.
An interferometer free spectral range (FSR) that is less than the filter bandwidth allows corresponds to the background.
Subtraction of the minimum from the maximum reveals the absolute intensity of the spectral line.
The entire system is controlled by a commercially available 386 based computer.
The computer has a 2 channel 12-bit digital to analog converter (DAC), a 16 channel 12-bit analog to digital converter (ADC), 8 digital input/output (I/O) lines, 16-bit direct memory access (DMA), a 1.2 Gb hard disc, and a 150 Mb magnetic tape drive.
The DAC generates the analog ramp waveform to drive the piezoelectric drivers, and the ADC's digitize the spectral intensities from the FPI.
The I/O lines are the output from the system to enable control action in the event that a redline has been encountered.
The hard disc is used for data storage during engine firing, and the DMA enables high speed writing to the disc.
The magnetic tape unit is used for archive purposes.
The logic used to for data acquisition and control is shown in Figure 7 .
The logic has been implemented through the commercially available "LABVIEW" software package.
Upon initiation and login procedures, a logic branch is encountered. One branch enables system calibration, and the other enables spectral acquisition/processing during engine firing. Selection of the calibration branch activates the HCL and varies the power supply outputs until the appropriate settings for the 8 PMT's are reached.
These calibration points are written to a file.
Selection of the operation branch in the data acquisition and control scheme enables spectrometer operation during engine firing.
At this point, the system is armed and waits the engine fire signal (FS1 on Fig. 7) .
Upon engine ignition, the system: (i) controls the FPI ramp generator,
(2) records the PMT signals, and (3) calculate (and store) the spectral intensity and background level for each channel.
The spectral intensities for the 8 channels are checked against preset redlines, and an appropriate signal is placed on an I/O line if a redline is exceeded.
Upon receiving the engine off signal (FS2 on Fig. 7) , all data files are closed, and the system is recycled. The recycle enables system shutdown, a calibration check, or reset of the system for another engine firing.
STATUS
A breadboard FPI spectrometer has been fabricated and tested. This 3 channel unit (324.7 nm, 377.6 nm, 425.4 nm) was tested using a seeded flame (copper and chromium) as the optic "source" Figure 8 displays the 3 channel unit and the testing apparatus.
The copper iine at 324 nm and the chromium line at 424 nm were selected for this unit since they have been identifies as two of the species required for SSME monitoring, and the wavelengths are at the extremes of the bandwidth.
The thallium line at 377.6 nm was included in this unit since it does not appear in the SSME and could therefore be used as wavelength reference.
The intent of the 3 channel unit was to: (i) validate the concept, (2) validate the design approach, and (3) evaluate the performance of FPI based spectrometers.
Testing was performed to evaluate the optical sensitivity of the unit, and evaluate the effects of vibration, static acceleration, temperature variations, and background radiation on the overall performance. 9 ) appears similar to that of a black body radiation source with the intensity peak at approximately 520 nm. Several mechanisms have been postulated to explain the spectral shape from these tests; among them blackbody radiation from high pressure gases, Rayleigh scattering off molecules within the chamber, and scattering off the chamber wall.
Note that at the time of this writing, analysis of the spectrum is not complete and conclusive results are not available.
Additional test are planned with a modified NMOA.
A new lens will be fabricated to change the field of view to just below the throat.
The pressure in the nozzle drops off significantly below the engine throat. It is thought that observing the plume in a lower pressure regime may enable observation of spectral lines.
If further testing indicates that spectroscopy based on emissions from the engine chamber, throat or nozzle do not provide "usable" data, the emphasis of this program will shift to absorption spectroscopic techniques.
A pair of NMOA's will be mounted diametrically across the nozzle, with an optic view across the exit plane of the nozzle.
One of the NMOA's will emit spectral light (provided by a HCL) of known intensity, and the other NMOA will collect the light that travels across the exit plane of the engine.
The collected light will be measured and analyzed by the FPI spectrometer.
The identity and quantity of the metallic species in the plume can be determined from the amount of light that is absorbed as it travels across the exit plane.
SUMMARY
The overall objective of this effort is to develop and demonstrate a flight compatible plume monitoring system for detecting degradation or failure of rocket engine components.
A specific task is to develop and test flight compatible instrumentation to monitor emissions from metals entrained in the SSME flowfield. This instrumentation consists of a nozzle mounted optic assembly (NMOA), a Fabry-Perot interferometric (FPI) spectrometer, and a fiberoptic cable to transmit the collected spectral radiation from the NMOA to the FPI spectrometer.
These devices are currently being fabricated, and scheduled for testing on the Technology Test Bed Engine (TTBE).
The nozzle mounted optic assembly collects radiation emitted from metallic species that have eroded from internal engine components and have been carried by the propellants into the engine chamber. The radiation is transferred from the NMOA to the FPI spectrometer via a fiberoptic cable. The NMOA will enable the monitoring of spectral emissions during space shuttle earth-to-orbit operations.
No modifications are required to the SSME's. Analysis has shown that the optic will be capable of viewing the chamber, throat, and nozzle throughout the entire flight envelope.
Testing and analysis has indicated that the device will withstand the thermal and mechanical loads imposed by engine operation.
The optic assembly poses no risk to the engine based on analysis performed to date.
Initial testing of the NMOA on the TTBE reveals spectra that appears similar to a black body radiation source with the peak at approximately 520 nm. No atomic specie line were discernable.
At this time the mechanism describing this phenomena is unknown.
A new lens will be fabricated for the NMOA to change the field of view to just below the throat.
It is thought that observing the plume in a lower pressure regime may enable observation of spectral lines.
The Fabry-Perot interferometer based spectrometer is a rugged, lightweight, compact, high resolution spectrometer capable of detecting the spectral signatures of eroding engine components. The FPI based spectrometer is smaller and lighter than grating or prism devices, and will provide greater wavelength resolving capability.
A 3 channel breadboard FPI spectrometer was fabricated and tested; demonstrating the resolution, sensitivity, signal to noise, and environmental insensitivity desired for flight compatible spectrometers. Within the limitations inherent in the breadboard design, the key features required to provide confidence in the FPI have been demonstrated.
The 8 channel unit that is currently being fabricated has real time digital processing capabilities (10 ms) with active background discrimination. The device will have a bandwidth of 320 to 430 nm and a resolution of 0.05 nm. This unit will monitor eight spectral lines corresponding to eight distinct metallic species. These species include chromium, cobalt, iron, nickel, manganese,tungsten, calcium, and copper. It has been shown that these species will enable observation of bearing degradation and erosion of any alloy from components along the propellant flow paths. 
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